From the beginning of the AIDS epidemic, stress has been a suspected contributor to the wide variation seen in disease progression, and some evidence supports this idea. Not all individuals respond to a stressor in the same way, however, and little is known about the biological mechanisms by which variations in individuals' responses to their environment affect disease-relevant immunologic processes. Using the simian immunodeficiency virus/rhesus macaque model of AIDS, we explored how personality (Sociability) and genotype (serotonin transporter promoter) independently interact with social context (Stable or Unstable social conditions) to influence behavioral expression, plasma cortisol concentrations, SIV-specific IgG, and expression of genes associated with Type I interferon early in infection. SIV viral RNA set-point was strongly and negatively correlated with survival as expected. Set-point was also associated with expression of interferon-stimulated genes, with CXCR3 expression, and with SIV-specific IgG titers. Poorer immune responses, in turn, were associated with display of sustained aggression and submission. Personality and genotype acted independently as well as in interaction with social condition to affect behavioral responses. Together, the data support an ''interactionist'' perspective [Eysenck, H.J., 1991. Personality, stress and disease: an interactionist perspective. Psychol. Inquiry 2, 221-232] on disease. Given that an important goal of HIV treatment is to maintain viral set-point as low as possible, our data suggest that supplementing anti-retroviral therapy with behavioral or pharmacologic modulation of other aspects of an organism's functioning might prolong survival, particularly among individuals living under conditions of threat or uncertainty.
Introduction
From early in the AIDS pandemic, psychosocial stress has been proposed as a contributor to the wide variation seen in the rate of HIV disease progression (Coates et al., 1984) . Research has shown that the experience of stressors such as bereavement (Kemeny and Dean, 1995) and other negative life events (Leserman et al., 2002) are associated with indicators of more rapid disease progression in humans. Using the simian immunodeficiency virus (SIV)/ rhesus macaque model of AIDS, we have demonstrated experimentally and with a large archival cohort stress is associated with shorter survival in monkeys infected with SIV.
Not all individuals are affected equally by challenging circumstances, however; variation in individual traits has also been related to disease outcome. For example, Leserman et al. (2000) showed that HIV+ gay men who cope with stressful circumstances by using denial displayed an accelerated disease course, and Cole et al. (1997) found that individual differences in social sensitivity moderated the relationship between exposure to social rejection and disease progression in HIV+ gay men. An exploratory analysis of SIV-infected rhesus monkeys suggested that the personality trait Sociability may be a relevant moderating factor when stressors are social in nature. Sociability is a commonly found personality dimension in non-human primates (Capitanio, 2004) and is akin to Extraversion in humans (Gosling and John, 1999) . In rhesus monkeys, High-Sociable (HS) animals show higher frequencies of affiliation, greater sensitivity to social cues, and a greater tetanus-specific IgG response following social change compared to Low-Sociable (LS) animals (Capitanio, 1999 (Capitanio, , 2002 Maninger et al., 2003) . Our earlier analysis suggested that LS animals may be at greater risk for faster disease progression than are HS animals. Together, these and other studies suggest that, while stress may exert a main effect on disease progression, variation in psychosocial traits may moderate the host's response to stress and affect disease course.
In stressful circumstances, an individual's psychological functioning and the progress of disease may also be affected by factors that are not explicitly psychosocial. In the psychiatric literature, attention has focused on how candidate genes associated with brain monoaminergic activity, such as the serotonin (5-HT) transporter gene-linked polymorphic region (5-HTTLPR), are related to psychological characteristics such as aggressiveness, anxiety, neuroticism, etc. The serotonin transporter gene codes for a protein responsible for the presynaptic uptake of serotonin following neuronal release. The promoter is biallelic in rhesus monkeys and humans, with the short allele leading to reduced expression of the transporter protein. Both human and non-human primate evidence indicates that individuals possessing a short allele are more likely to display aggression and/or anxiety, particularly under adverse conditions (Lesch et al., 1997; Barr et al., 2003; Holmes et al., 2003; Caspi and Moffitt, 2006) . While we are not aware of any studies evaluating the role of such genes in infectious disease, given the association between aggression/anxiety and disease processes (e.g., Moller et al., 1999; Zorilla et al., 1994) , candidate genes such as these may have an important moderating influence.
Presumably, the influence of personality and genotype on disease processes will be mediated through their effects on physiological stress-response systems. In the context of HIV/SIV disease, there is some evidence that the sympathetic nervous system can affect disease course. In vitro work has shown that catecholamines associated with the sympathetic nervous system can accelerate HIV-1 replication (Cole et al., 1998) and Sloan et al. (2006) have demonstrated that SIV replicates at increased frequency in the vicinity of catecholaminergic varicosities in lymph nodes. Other research suggests that hypothalamic-pituitary-adrenal (HPA) function is associated with variation in the course of HIV/SIV disease (Leserman et al., 2000 (Leserman et al., , 2002 . Our animal model of social stress, for example, found reduced basal cortisol, and evidence of enhanced negative feedback, in monkeys that experienced stressful social conditions. These animals ultimately showed significantly shorter survival ). In the current study, we focused on plasma cortisol concentration as a possible physiological mediator of host characteristics on immune and viral outcome measures.
The present research was undertaken to explore some mechanisms by which ''person by situation'' interactions affect SIV disease progression. Our principal measure of disease progression was viral RNA (vRNA) copy number measured at Week 10 post-inoculation (p.i.). By approximately 6 weeks p.i., vRNA levels typically stabilize (Staprans et al., 1999) around a ''set-point'' that reflects the ability of the immune system to regulate viral production. Viral set-point remains relatively stable over the course of disease until progression to AIDS. Remarkably, variation in set-point measured early in disease correlates very highly with survival. In our earlier study of SIV-infected rhesus monkeys , vRNA levels at Week 10 p.i. correlated À0.79 with survival. Comparably strong effects have been found by others for both SIV (e.g., Watson et al., 1997) and HIV (e.g., Mellors et al., 1996) .
The strong correlation between early vRNA set-point and survival suggests that events early in infection are critically important to the progress of the disease. Recent work using the SIV/rhesus macaque model, for example, has shown the surprising impact of the virus on host defenses within the first few weeks of infection (e.g., Mattapallil et al., 2005; Li et al., 2005) , and increased attention has focused on mechanisms associated with innate immunity (Levy et al., 2003; Ahmed et al., 2005) . In general, the first line of defense against viral infection is the interferon system. Type I-interferons (IFNs) such as IFN-a are produced by virally infected cells at high levels within hours of infection. IFNs up-regulate transcription of effector proteins (such as Mx and OAS [2 0 -5 0 oligoadenylate synthetase]), and together the interferon system can act in an autocrine and paracrine fashion to inhibit protein synthesis and induce an anti-viral state. IFNs also activate NK cells, which produce and secrete the Type II interferon, IFN-c, and its effector molecules, such as CXCL9. Interferons can also affect adaptive immune responses (Biron, 1998) . The role of interferon systems in HIV/SIV infection is not straightforward, however. On the one hand, a reduction in the number of circulating cells that produce Type I interferons is associated with progression (e.g., Soumelis et al., 2001 ). On the other hand, studies with SIV-infected monkeys have demonstrated that Type I interferon responses during acute SIV infection are ineffective in controlling viral replication (Abel et al., 2002) , presumably because HIV can block the effector functions of interferon-induced proteins (e.g., Sen, 2001) .
We had several goals for the present study. First, we wanted to confirm whether viral set-point is associated with survival as we and others have demonstrated. Second, because there is relatively little information on innate immune responses early in immunodeficiency virus infection, we wanted to describe how such measures change during early SIV infection, and then to identify which of these measures is associated with variation in vRNA. Our third and principal goal was to determine whether Sociability and serotonin transporter genotype interact with social condition to affect behavior, and how the behavioral responses were associated with the immune changes that were predictive of vRNA. We had several specific predictions: we expected that social stress would be associated with a poorer SIV-specific IgG response, which would confirm an earlier report from our laboratory ; and we expected that animals in Unstable (but not in Stable) social conditions that were Low-Sociable, and animals in Unstable (but not in Stable) social conditions that possessed a short allele for the rhesus 5-HTTLPR (rh5-HTTLPR) would be most likely to (1) experience sustained agonistic behavior, resulting in (2) altered cortisol concentrations and changes in Type I interferon responses that would be associated with (3) higher vRNA. Our model for these relationships is illustrated in Fig. 1 , which also shows the specific conditions and variables that were examined in the present study.
Materials and methods

Subjects
Thirty-six adult male rhesus monkeys (Macaca mulatta), born and reared in half-acre outdoor corrals at the California National Primate Research Center, were selected from a larger cohort of 88 animals. All animals had been characterized on four personality dimensions, including Sociability, using established procedures that involved two independent observers conducting detailed observations of animals in their natal corrals, followed by ratings by the observers of each animal on a trait check-list (http://psychology.ucdavis.edu/capitanio/rhesus_personality.pdf), and factor analysis of ratings (Capitanio and Widaman, 2005) . The 88 animals were rank ordered on the z-scored Sociability factor (which reflected a composite of the traits ''affiliative'', ''warm'' and not ''solitary''; Cronbach's a = 0.92), and animals were selected randomly from the top of the distribution (High-Sociable: HS) and from the bottom of the distribution (Low-Sociable: LS) with the provisos that (a) HS and LS animals did not differ in age, (b) animals did not have a history of health (especially chronic diarrhea and trauma) or behavioral (abnormal behaviors) problems, (c) did not have extreme scores (beyond ±1.5 to 2.0 standard deviations from the mean) on any of the other three personality dimensions, and (d) within each personality condition, were drawn from across the 15 corrals to insure that animals that would be placed together would initially be unfamiliar with each other. For LS animals, z-scores for Sociability ranged from À2.02 to À0.53, and for HS animals scores ranged from 0.52 to 2.02. At a mean age of 7.2 (range 5.4-9.4) years, the 36 subjects were relocated to individual housing indoors in standard-sized laboratory cages, and at a mean age of 9.0 years, animals were inoculated intravenously with 0.5 ml of either SIVmac251 (at 10 2.66 50% tissue culture infectious dose, n = 24) or saline (n = 12). Only two of the 24 inoculated animals were genetically related: one HS and one LS animal were first cousins.
Social conditions
Eighteen monkeys (12 inoculated, 6 control) were assigned to the Stable and 18 (12 inoculated, 6 control) were assigned to the Unstable social condition. Half of each assigned set were either HS or LS, and all group formations occurred among animals of the same personality type. Animals in the Stable condition met daily in groups of 3 (2 inoculated, 1 control), and membership in each Stable group did not change across the experiment (except owing to euthanasia). Animals in the Unstable social condition met for an equivalent time each day, although group size and membership varied daily: two-, three-, and four-member groups were formed each day from among the pools of either 9 LS (6 inoculated, 3 control) or 9 HS (6 inoculated, 3 control) animals. Fig. 2 shows the experimental design. Animals were formed into social groups for 100 min per day, 3-5 days per week. We inoculated all animals with SIV after they had already experienced three formations of their respective groups, to insure that the experiences of animals in Stable and Unstable conditions were different at the point of inoculation. We note that the control animals were included primarily to insure that inoculated animals would have sufficient partners available to maintain the social conditions once inoculated animals were euthanized owing to advanced disease. Data from control animals are not included in any analyses.
Behavioral data
Behavioral data were collected using the Observer software package (Noldus, 1991) by trained observers who demonstrated greater than 85% inter-observer agreement. On each day, data were collected in several 5 min observation sessions, and because blood sampling occurred at 2-or 4-weeks intervals (see below), behavioral data were summarized across Fig. 1. An interactionist model on disease, which shows expected relationships between host factors, social condition, coping responses, measures of endocrine and immune function, and disease outcome.
2-week periods referred to as biweeks. Four categories of behavior were examined in the present study. ''Affiliation'' comprised proximity, contact, grooming, play, or sexual behavior and animals were considered ''affiliative'' if they spent, on average, at least 100 s of a 5 min session engaging in any of those behaviors. The second category involved submissive behavior, specifically the display of the ''present sex'' posture, in which the initiator presented his hindquarters in the direction of another animal. The third category focused on aggression-received, and reflected an animal's receiving either threats [facial expression including open mouth, hard stare, ear flaps, bark vocalization, lunges, or aggressive movements], aggression [contact involving attacking, biting, slapping, pushing], or chases [fast, aggressive locomotion of one animal after another]. Finally, the fourth category focused on aggression-initiated, and reflected an animal's initiations of threats, aggression, and chases.
Because our immune measures were taken at three time points (Weeks 2, 6, and 8 p.i.), we created separate behavioral indices, based on our four categories, to reflect these points. For the analysis of data at Week 2, the four indices reflected the number of days that the animals showed the requisite behaviors. During this biweek, animals experienced 7 days of social exposure; our measures reflected the number of days animals displayed affiliation (range 1-5), displayed submissive behavior (range 0-5), received aggression (range 0-3), or initiated aggression (range 0-3). For the Weeks 6 and 8 p.i. analyses, we focused on the number of biweekly periods (3 and 4, respectively) in which the behaviors were shown. Our interest was not in simple number of occurrences, but rather in the initiation or receipt of sustained behavior, and because the indices were generally not normally distributed, our indices were dichotomized. For the Week 6 analysis, sustained behavior (affiliation, submission, aggression-initiated, aggression-received) was defined as display at least once during all three biweekly periods versus display for less than three periods. For the Week 8 analysis, behavior was considered ''sustained'' if it was exhibited for 3 or 4 of the four biweekly periods. Table 1 shows the number of animals showing sustained behavior by these criteria.
We note that during the period covered by this report (the first 10 weeks post-inoculation), two animals were euthanized between Weeks 8 and 10. Typically, we see very little change in social behavior in our groups until just before the animals meet criteria for euthanasia (see next section), and in many cases we see no changes in behavior. This is likely because our animals receive limited social experience each day, rather than being continuously socially housed. Consequently they are motivated to interact throughout their disease. Our data suggest that the illness of the two euthanized animals did not affect their behavior enough to influence our results.
Survival
Survival was defined as days to euthanasia, which was accomplished by overdose of pentobarbital, a method consistent with recommendations of the American Veterinary Medical Association. Euthanasia decisions were based on CNPRC's standardized Criteria for Retrovirus Infected Macaques, and included weight loss >15% in 2 weeks or 30% in 2 months, persistent anorexia with weight loss, or presence of neurological signs. Euthanasia decisions were made by CNPRC veterinarians who were unfamiliar with the hypotheses of the present study or group assignments of the animals.
Blood sample collection and assays
Blood was collected from non-anesthetized animals at Week 4 p.i. at 1500-1530 h for cortisol assay, and under anesthesia (ketamine, 10 mg/ kg) at 0830-1100 for all other assays. Blood was drawn into non-heparinized syringes, was immediately transferred to tubes containing EDTA, and was spun at 3000 rpm at 4°C (cortisol) or 2000 rpm at room temperature (SIV measures) for 10 min. Plasma was removed and frozen at À80°C. The pellet was resuspended in RPMI (Irvine Scientific, Santa Ana, California) and peripheral blood mononuclear cells (PBMCs) were isolated using lymphocyte separation medium (MP Biomedicals, Solon, Ohio). Cells were washed then resuspended in freezing media (90% fetal bovine serum [Invitrogen, Carlsbad, California] and 10% dimethyl sulfoxide [Sigma, St. Louis, MO]) to a final concentration of 5 · 10 6 cells/ml. One milliliter aliquots were stored in liquid nitrogen until RNA isolation.
Cortisol
Plasma cortisol was assayed using commercially available kits (Diagnostic Products Corporation, Los Angeles, CA), and intra-and inter-assay coefficients of variation were 4.5% and 6.3%, respectively.
mRNA expression
Frozen PBMCs (drawn at 1 week prior to inoculation, and at Weeks 2 and 6 p.i.) were thawed and lysed immediately in Trizol. Gene expression was quantified relative to pre-inoculation levels for interferon-a (IFN-a), three genes stimulated by interferons (OAS, Mx, IP-10/CXCL10), interferon-c (IFN-c), one gene stimulated by IFN-c and IFN-a (Mig/CXCL9), and CXCR3 (which is the chemokine receptor for CXCL9 and CXCL10 that is up-regulated on activated T-cells) using real-time RT-PCR according to published procedures (Abel et al., 2002 (Abel et al., , 2004 . Because of the high inter-correlations among the three interferon-stimulated gene measures (correlation coefficients ranged from r = 0.50 to r = 0.67), a principal component referred to as ISG (interferon-stimulated genes) was created that accounted for 68.4% of the variance (Week 2) and 76.9% of the variance (Week 6). Gene expression data were missing for four animals, and analysis revealed that the pattern of missing data was unrelated to Sociability, social condition, or serotonin transporter genotype (all p > .50).
SIV IgG
Anti-SIV IgG titers at Week 8 were determined using previously described methods (Lu et al., 1998) .
SIV RNA
SIV RNA was quantified from a blood sample drawn at Week 10 (for the two animals euthanized between Weeks 8 and 10 p.i., the Week 8 sample was assayed) using real-time PCR as described (Leutenegger et al., 2001 ).
rh5-HTTLPR
Using the QIAamp DNA blood minikit (Qiagen, Valencia, CA), DNA extraction was performed on peripheral blood lymphocytes collected from EDTA-treated whole blood. PCR employed primers STPR5, 5 0 -GGCG TTGCCGCTCTGAATGC-3 0 and STPR3, 5 0 -GAGGGACTGAGCTGG ACAACCAC-3 0 (Research Genetics, Huntsville, Ala) (Lesch et al., 1997) to amplify the short (À21 bp) or long fragments of the rh5-HTTLPR using 
Statistical analysis
Analyses involved computation of Pearson product-moment correlation coefficients, use of multiple or logistic regression to compare the contributions of multiple independent variables to an outcome measure, and repeated measures analysis of variance to examine changes in measures over multiple time points. The anti-SIV IgG titer, and all measures of mRNA expression except CXCL9, were log-transformed owing to nonnormality. Analyses were performed only on the 24 SIV-inoculated animals.
Results
Survival and vRNA
Survival of the 24 SIV-inoculated animals ranged from 56 to 713 days, with a mean of 302.5 days (SD = 176.2 days). At Week 10 p.i., vRNA ranged from 4.67 to 7.57 (log 10 ) copies/ml, with a mean of 5.96 (SD = 0.78). Survival and vRNA were negatively correlated, with r = À0.73 (p < .001, n = 24). Correlations between our independent variables (social condition, Sociability, and serotonin transporter genotype) and our outcome measure, vRNA, were all non-significant (all p > .15).
Immune and viral measures
We first present descriptive information on our immune measures, examine changes in these measures over the first 6 weeks of infection, then identify measures that correlate with vRNA.
Immune changes following SIV inoculation
Substantial variation was found in all immune measures. Means and ranges are presented in Table 2 . At Week 2 p.i., gene expression was significantly higher compared to preinoculation levels for Mx (t(20) = 10.27, p < .001), OAS (t(20) = 12.35, p < .001), CXCL10 (t(19) = 8.24, p < .001), and CXCL9 (t(20) = 5.32, p < .001), and expression of CXCR3 was significantly lower than pre-inoculation levels (t(20) = À2.57, p < .05). No change was found for IFN-a (p = .76) or IFN-c (p = .35).
At Week 6 p.i., gene expression was significantly higher than pre-inoculation levels for Mx (t(20) = 10.17, p < .001), OAS (t(20) = 11.63, p < .001), CXCL10 (t(19) = 9.17, p < .001), CXCL9 (t(20) = 2.45, p < .05), and IFN-c (t(20) = 2.46, p < .05). No difference was evident for CXCR3 (p = .16) or for IFN-a (p = .87). At Week 8 p.i., SIV-specific IgG titers were significantly greater than zero (t(23) = 11.52, p < .001).
Repeated measures analysis of variance suggested that mRNA expression increased between Weeks 2 and 6 p.i. only for Mx (F(1,20) = 6.79, p < .05) and IFN-c (F(1,20) = 22.97, p < .001). Correlations between all Weeks 2 and 6 measures were significant: IFN-a (r = 0.62, p < .01, n = 21), Mx (r = 0.85, p < .001, n = 21), OAS (r = 0.65, p < .01, n = 21), CXCL10 (r = 0.78, p < .001, n = 20), IFN-c (r = 0.74, p < .001, n = 21), CXCL9 (r = 0.69, p < .01, n = 21), and CXCR3 (r = 0.53, p < .05, n = 21). The correlation coefficient for the composite interferonstimulated gene (ISG) measure between Weeks 2 and 6 was r = 0.77, p < .001, n = 20).
Immune measures and vRNA
Bivariate analysis showed that higher Week 10 p.i. vRNA levels were associated with reduced CXCR3 expression at Week 6 p.i. (r = À0.62, p < .01, n = 21), greater ISG expression (using the principal component measure) at Week 6 (r = 0.54, p < .05, n = 20), and a lower SIV-IgG titer at Week 8 (r = À0.69, p < .001, n = 24). Correlations between the three measures ranged from À0.33 to 0.32, but statistically were not significant (all p > .15). In a multiple regression analysis, all three measures remained significant predictors of vRNA; the adjusted R 2 was 0.664 (n = 20). Because gene expression data for our other immune measures (IFN-a, IFN-c, and CXCL9) were unrelated to vRNA, they are not considered further in this analysis.
3.3. Effects of social condition, Sociability, and serotonin genotype on behavioral and immune measures
In this section, we present three sets of analyses for each post-inoculation time-point (Weeks 2, 6, and 8 p.i.). First, we examine how the three independent variables (social condition, Sociability, and serotonin transporter genotype) affected coping responses as indexed by our four behavioral measures (affiliation, submissive behavior, aggression-initiated, and aggression-received). Next, for those behavioral measures that were significantly influenced by the independent variables, we compute correlation coefficients with the immune system measures that were predictive of vRNA (i.e., ISG, CXCR3, anti-SIV IgG titer). Finally, we explore whether the independent variables are themselves directly related to the immune system measures. Because we expect genotype and Sociability to moderate the effect of social condition, we conduct parallel analyses for animals in Stable and for animals in Unstable social conditions. Significant results at each time point are summarized in Table 3 .
3.3.1. Week 2 Independent variables and behavior. Independent variables were significantly associated only with our measures of affiliation and sustained submission. Across the full sample, reduced affiliation was associated with experiencing Unstable social conditions (r = À0.52, p < .01, n = 24) and with being heterozygous for the serotonin transporter (r = À0.45, p < .05, n = 24). When both independent variables were entered into a multiple regression, however, only social condition was significantly associated with affiliation (t(21) = À2.23, p < .05).
Display of sustained submissive behavior was associated with being low in Sociability, but only for animals in the Unstable social condition. This was indicated by a significant correlation for the Unstable condition (r = À0.76, p < .01, n = 12), and a non-significant correlation for the Stable condition (p = .73) (Fig. 3a) .
Behavior and immune measures. Sustained submission was associated with greater ISG mRNA expression for the full sample (r = 0.51, p < .05, n = 20), but separate analyses suggested that this relationship held only for animals in the Unstable social conditions (Unstable: r = 0.91, p < .001, n = 10; Stable: p = .52) (Fig. 3b) . Affiliation was unrelated to ISG mRNA expression, and neither affiliation nor submission correlated significantly with other immune measures at this time point. Independent variables and immune measures. Finally, a significant correlation was found between Sociability and ISG mRNA expression, but only among animals in the Unstable social conditions (r = À0.75, p < .05, n = 10; Stable: p = .51 Fig. 3c ). Serotonin transporter genotype was unrelated to any measure in the Week 2 p.i. analyses.
Summary. These results indicate that, within the first 2 weeks post-inoculation, Low-Sociable animals in the Unstable, but not in the Stable, social condition displayed more submissive behavior and had higher ISG expression at Week 2 p.i. Inter-correlations for Sociability, submissive behavior, and ISG expression were high and significant for animals in Unstable conditions, but were non-significant for animals in Stable social conditions (Fig. 3a-c) . In a formal test of whether the effect of Sociability on ISG mRNA expression among animals in the Unstable condition was mediated by display of sustained submission, both submission and Sociability were entered into a multiple regression equation to predict the ISG activity. Results indicated full mediation: sustained submission remained a significant predictor of ISG expression (t(7) = 3.4, p < .05) while Sociability did not (p = .74), indicating that the effect of Sociability on ISG mRNA expression is mediated through Sociability's effects on display of sustained submissive behavior.
Week 6
Independent variables and behavior. As expected, animals in the Unstable social condition initiated more sustained aggression (r = 0.51, p = .01, n = 24), and received more sustained aggression (r = 0.45, p < .05, n = 24). Serotonin genotype was marginally related to sustained aggression initiated (r = 0.40, p = .054, n = 24). Sociability was not associated with behavior, either for the full sample or in separate analyses for animals in Stable and in Unstable social conditions.
Since we hypothesized that animals in the Unstable condition that were heterozygous for the serotonin transporter genotype would display increased aggression, we examined these data more closely, inasmuch as our measure of ''sustained aggression'' was a conservative measure, requiring animals to display aggression during all 3 biweekly periods. We conducted an analysis of variance using as our outcome measure the number of biweekly periods during which animals displayed aggression, and using serotonin genotype and social condition as independent variables. Animals in Unstable conditions displayed significantly more aggression than did animals in Stable social conditions, as indicated by a main effect for social condition (F(1,20) = 12.58, p < .01), but this effect was moderated by serotonin genotype, as indicated by a significant social condition by genotype interaction (F(1,20) = 10.53, p < .01). Fig. 4 indicates that s/l heterozygotes in Unstable conditions displayed aggression during a mean of 2.6 (out of a total of 3.0) biweekly periods, whereas heterozygotes in Stable conditions displayed no aggression. For purposes of further analyses below, we calculated correlation coefficients separately for animals in Unstable and for animals in Stable conditions, between genotype and the number of biweekly periods of aggression-initiated. For the Unstable condition, the correlation was significant (r = 0.65, Fig. 3 . Significant relationships among variables for animals in Unstable social conditions (left panels), and non-significant relationships for animals in Stable social conditions (right panels). In the Unstable condition, animals that displayed more submissive behavior during the first 2 weeks p.i. (a) were lower in Sociability, (b) had greater expression of interferon-stimulated genes (ISG), and (d) had lower basal plasma cortisol concentrations at Week 4 p.i. Sociability was also directly related to ISG mRNA expression (c).
p < .05, n = 12, and for the Stable condition, the correlation was not (p = .09). Thus, Unstable social conditions were associated with more sustained aggression initiated and received, and, as expected, the majority of the aggression-initiated was displayed by animals in this condition that were heterozygous for the serotonin transporter genotype.
Behavior and immune measures. When we examined the relationships between measures of aggression-initiated and -received with measures of immune activity, we found that, for the full sample, animals that displayed aggression in more biweekly periods had lower CXCR3 expression (r = À0.44, p < .05, n = 21). Separate analyses of the social conditions revealed that, among animals in the Stable (but not the Unstable) social condition, animals that initiated aggression in more biweekly periods had greater ISG activity (r = 0.76, p < .05, n = 10).
Independent variables and immune measures. Analyses of the relationships between independent variables and immune system measures showed that, for the full sample, animals that were l/l homozygous for the serotonin transporter promoter showed greater ISG mRNA expression (r = À0.53, p < .05, n = 20). In separate analyses, this relationship was not significant for animals in the Unstable condition (p = .19), but among animals in the Stable social condition, the relationship was marginally significant (r = À0.61, p = .06, n = 10), indicating that l/l homozygotes had more ISG activity.
Summary. At Week 6 p.i., more sustained aggression was found among animals in the Unstable social conditions, and particularly by animals in this condition that were heterozygous for the rh5-HTTLPR. Overall, animals that displayed more aggression had lower CXCR3 expression, which is associated with higher vRNA. Among animals in Stable social conditions, however, some aggression was displayed (Fig. 4) , but it was performed exclusively by l/l homozygotes. These animals had higher ISG expression, which is also associated with higher vRNA. Together, these data indicate that aggression was displayed by animals with different genotypes in the two social conditions (s/l heterozygotes in the Unstable condition, and l/l homozygotes in the Stable condition), but aggression generally appeared to have negative consequences: reduced CXCR3 expression (across all animals), and increased ISG expression (animals in Stable conditions only).
Week 8
Independent variables and behavior. Results for this analysis were very similar to those reported above for Week 6. Across the full sample, sustained aggression initiated (defined as displaying aggression in 3 or 4 of the possible 4 biweekly periods) was displayed by animals in the Unstable social condition (r = 0.64, p = .001, n = 24) and by animals heterozygous for serotonin genotype (r = 0.57, p < .01, n = 24). In a logistic regression with sustained aggression initiated as the outcome, only serotonin genotype remained a significant predictor (p < .05). In fact, sustained aggression initiated was displayed only by animals in Unstable conditions, and among these animals, heterozygotes displayed significantly more sustained aggression (r = 0.66, p < .05, n = 12). In addition, receipt of sustained aggression was also associated with Unstable social conditions (r = 0.64, p = .001, n = 24). Further correlational analyses involving Sociability with the full sample or with the samples from the Stable/Unstable social conditions separately were all non-significant.
Behavior and immune measures. Based on earlier work , we expected that receipt of sustained aggression would be inversely associated with antibody titer. In the present study we confirmed this result: monkeys that received sustained aggression showed significantly lower IgG titers (r = À0.45, p < .05, n = 24). Seven animals received sustained aggression, all of which were in the Unstable condition (Chisq(1) = 9.9, p = .002). Mean log antibody titer for these seven animals was 63% of the titer for the remaining 17 animals. IgG titer was not related to sustained aggression initiated.
Independent variables and immune measures. Neither social condition, Sociability, nor serotonin genotype were statistically related to anti-SIV IgG titers at Week 8 p.i., nor did we find relationships between IgG and Sociability or genotype for animals in Stable or Unstable social conditions separately.
Summary. Unstable social conditions led to some animals receiving sustained aggression. These animals were not identifiable as having a specific genotype or Sociability status, but they did have a lower SIV-specific antibody titer, which was associated with elevated vRNA.
The role of plasma cortisol
To identify neuroendocrine pathways that might mediate effects of social stress on immune measures, we examined basal concentrations of plasma cortisol at Week 4 p.i. Our previous research indicated that Unstable social conditions were associated with low basal concentrations of cortisol, which result from enhanced negative feedback regulation of the HPA axis . Our expectation was that animals experiencing greater stress would show lower concentrations, and this expectation was confirmed: when all animals were considered together, lower basal cortisol concentrations were found among animals showing more sustained submission during the first 2 weeks p.i. (r = À0.46, p < .05, n = 24) and during the first 6 weeks p.i. (r = À0.38, p < .07, n = 24). Correlations with other behaviors were non-significant. When separate analyses were conducted for animals in Stable and Unstable social conditions, however, correlation coefficients between sustained submission and cortisol concentrations were significant only for the Unstable condition during the first 2 weeks p.i. (r = À0.76, p < .01, n = 12) (Fig. 3d) , and during the first 6 weeks p.i. (r = À0.57, p = .05, n = 12). Correlations between cortisol concentrations and other behaviors among animals in the Unstable condition, and all correlations between cortisol and behavior in the Stable condition, were non-significant (all p > .32).
Because sustained submissive behavior at Week 2 was associated with Sociability and with greater ISG mRNA expression among animals in the Unstable condition, we correlated plasma cortisol concentrations with these two variables. Lower basal cortisol concentrations were significantly associated with low Sociability (r = 0.66, p < .05, n = 12) and with greater ISG expression (r = À0.65, p < .05, n = 10). The correlations among animals in the Stable condition were non-significant (p > .20).
Summary. Within the first few weeks following SIV inoculation, low Sociability was associated with increased submission, lower basal plasma cortisol concentrations indicative of stress, and greater ISG mRNA expression. These relationships were significant only for animals in Unstable social conditions and not for animals in Stable social conditions.
Discussion
In immunodeficiency virus disease, viral set-point, which reflects a relatively Stable balance between viral replication and immune control of the virus, and which is established within the first several weeks after infection, is a strong predictor of disease course. The present study supported our model (Fig. 1) of the multiple influences that can act independently and in combination over a time course of a few weeks to affect a disease outcome: viral set-point, which is strongly associated with survival, was predicted by three measures of immune function, the SIV-specific IgG response, and expression of interferon-stimulated genes and CXCR3. These immunologic measures were related to specific patterns of behavior displayed in the social conditions, resulting from the interaction of host factors (personality and genotype) with social condition. Below, we discuss these results in relation to the three original goals of the study.
vRNA and survival
We and others (e.g., Mellors et al., 1996; Watson et al., 1997) have found that viral set-point is a strong predictor of survival. Our current data are consistent with these results: vRNA copy number at Week 10 p.i. correlated r = À0.73 with survival, indicating that 53% of the variance in survival was explained by this single measure. Knowledge of this relationship has informed therapeutic practice in that a major goal of anti-retroviral therapy is to reduce viral load to as low as possible, in order to prolong life. Still, it is remarkable that survival for a disease with such a long time course can be predicted from such an early measure. Increasing evidence, however, mostly from the SIV model of AIDS, has revealed the intense activity of the virus within the first days and weeks following infection. For example, data presented by Mattapallil et al. (2005) and Li et al. (2005) have indicated massive infection of CD4+ memory T-cells in gut-associated lymphoid tissue and elsewhere in the body in the first days following acute infection, and death of most of these cells within the first few weeks p.i. These data have resulted in a new view of immunodeficiency virus infection that suggests that the magnitude of the early destruction ''cripples the immune system at the outset of infection and sets the stage for its eventual failure'' (Picker and Watkins, 2005, p. 431) . Presumably, any factors that can reduce the magnitude of this early destruction, and hence reduce set-point, will have beneficial effects.
Immune responses in early SIV infection
As with other viral infections, a variety of innate responses come into play soon after SIV infection. We found no increase in IFN-a mRNA expression at Weeks 2 or 6 p.i. in PBMC. This result is consistent with evidence that IFN-a expression in PBMCs is seen earlier than Week 2 (and more transiently) in SIV infection (Abel et al., 2002) . In contrast, expression of genes coding IFN-a's effector molecules OAS, Mx, and CXCL10, was substantial and sustained, with 10-to 12-fold increases at Week 2 p.i. compared to pre-inoculation levels, and with continued (or increased, in the case of Mx) expression at Week 6 p.i. Unfortunately, as others have found (Abel et al., 2002) , activation of the IFN-a system is inadequate to control SIV replication. In vitro work (Shirazi et al., 1994) with HIV suggests that HIV-encoded tat can interfere with the inhibitory effects of IFNs, and our data show that greater expression of these interferon-stimulated genes is strongly associated with increased vRNA set-point. Thus, while mechanisms associated with IFN-a's ineffectiveness in HIV and SIV infection remain to be determined, at a minimum it appears that the greater expression of interferonstimulated genes in PBMCs reflects poorer control of viral replication.
Interferon-c (IFN-c) is produced and secreted by a variety of cell types in immunodeficiency virus infection. In the present study, we found no increase in mRNA expression of IFN-c at Week 2 p.i., although there was increased expression of one of IFN-c's effector molecules, CXCL9, a pattern of response similar to that seen for IFN-a and its effectors. In contrast, by Week 6 p.i., expression of IFN-c had increased significantly. It is possible that the Week 2 p.i. responses for IFN-c and CXCL9 reflect up-regulation among innate immune cells, such as NK cells and macrophages, while the increased expression at Week 6 reflected up-regulation in CD8+ T-cells. Because neither IFN-c nor CXCL9 expression was associated with vRNA set-point, no further analyses were performed. Future work should distinguish better between the two broad roles that IFN-c can play in SIV infection, however, one of which reflects its secretion as an effector molecule of CD8+ cytotoxic T-cells (and hence an anti-viral role), and the other as a mediator of inflammation (which can promote viral replication). Whether psychological and/or social factors differentially affect these two processes should also be considered.
We found that mRNA expression of CXCR3 was significantly lower than pre-inoculation levels at Week 2 p.i., but had increased by Week 6 p.i. to be no longer different from pre-inoculation levels. Nevertheless, at Week 6 p.i. substantial variation was seen in this measure (Table 2 shows considerably more variation at Week 6 compared to Week 2), and this variation was significantly negatively correlated with vRNA. CXCR3 is the chemokine receptor for CXCL9 and CXCL10, and is found on activated Th1-cells. Other studies (Abel et al., 2004; Sarkar et al., 2003) have reported positive relationships between CXCR3 expression and vRNA, but have focused on terminal endpoints and tissue analysis. Lower expression of CXCR3 in PBMC at the early time points studied here could reflect recruitment of Th1-cells by CXCL10 to lymphoid tissue, and hence their relative absence in peripheral blood. Consistent with this idea, greater expression of both CXCL10 and CXCR3 in lymph nodes has been found in SHIV-infected monkeys that were unprotected, compared to those that were protected, in a vaccine trial (Abel et al., 2004; Sarkar et al., 2003) .
Finally, we found that the quantity of SIV-specific IgG produced at Week 8 p.i. was a strong predictor of vRNA. The role of antibodies in immunodeficiency virus disease remains unclear. On the one hand, the strength of the antibody response has been long-known to correlate with survival in SIV-infected monkeys (Daniel et al., 1987) . On the other hand, actual neutralizing activity of these antibodies is generally weak (Desrosiers et al., 1989) , leading to little success in developing a vaccine based on humoral immunity (but see, McCann et al., 2005) . Interestingly, however, anti-SIV IgG levels were uncorrelated with our other predictors of vRNA, namely ISG and CXCR3 expression, suggesting multiple routes whereby psychosocial (or other) factors might impact viral set-point.
Host factors, social condition, and coping
As we have demonstrated earlier , Unstable social conditions were associated with reduced affiliation and sustained aggressive behavior, and individuals that were recipients of sustained aggression had lower anti-SIV IgG. Clearly, however, not all animals responded to the Unstable social conditions in the same way behaviorally, and the differences in response were associated with different host characteristics (Sociability, rh5-HTTLPR genotype), and with different immune responses. We first discuss the behavioral responses seen in the social conditions then consider mechanisms whereby coping patterns could be related to immune measures.
The importance of coping
Our data highlight the importance of coping responses when considering immunologic and disease-related outcomes. This is evident from the analysis (Section 3.1) showing that neither Sociability, social condition, nor serotonin genotype was directly associated with vRNA, yet the analyses reported in the remainder of the paper demonstrate a series of complex (and strong, especially for animals in Unstable conditions) relationships among our variables: sustained display of submissive behavior within the first 2 weeks (associated with low Sociability) was correlated with increased ISG activity; sustained display of aggression within the first 6 weeks (most of which was performed by animals in Unstable groups with s/l rh5-HTTLPR genotype) was associated with decreased CXCR3 expression in PBMCs; and aggression in Stable groups (associated with the l/l rh5-HTTLPR genotype) was associated with increased ISG activity. The gene expression data that were associated with each pattern of behavior were related to an increased viral set-point, suggesting that these patterns were maladaptive. What do these behaviors suggest about coping styles that might be maladaptive in the context of the social conditions presented to the animals?
When previously unfamiliar adult male rhesus monkeys meet, a series of agonistic interactions take place that define the dominance hierarchy within the group. Such interactions would have been seen on the first day of either the Stable or Unstable condition. By the fourth day of the group formations (which corresponds to the first day postinoculation in the present study), however, tensions would be substantially lower in Stable groups, where animals could show more affiliation with only occasional reinforcements of the dominance hierarchy, often through use of non-contact behaviors such as threats or displacements. Animals that continued to display aggression in Stable groups, however, were likely to be the animals that were not ''satisfied'' with their position in the hierarchy, and may have been using aggression to better their social position. The fact that this aggression (over the first 6 weeks of the study) was performed in Stable groups only by animals possessing the l/l rh5-HTTLPR genotype, which is usually considered the more ''benign'' genotype, is consistent with the idea that their use of aggression may have been more instrumental and deliberate. Nevertheless, our data suggest such a response had a cost-increased ISG activity, through an as-yet unidentified mechanism.
In contrast, in the Unstable groups, periodic eruptions of aggression would be more frequent and the tension more sustained. This would be especially true in the first 2 weeks of Unstable group formations, as animals are establishing and re-establishing relationships every day. Insuring that one is not harmed during periodic eruptions would be very important, and there are different ways one can accomplish this. One way of coping with this tension is to keep a ''low profile'', by avoiding interaction, and when necessary, sending clear non-threatening signals, such as moving out of the way and by exhibiting fear grimaces from a distance. Animals higher in Sociability appear to use this strategy when encountering unfamiliar animals (Capitanio, 1999 (Capitanio, , 2002 . Some LS animals, however, handled the tension in Unstable groups by displaying more ''present-sex'' postures, and our mediational analysis revealed that this submissive behavior mediated the relationship between personality and higher ISG activity. ''Present-sex'' is a behavior that is usually not given at a distance, but rather occurs after a higher-ranked animal has already approached. Other data suggest that LS animals have poorer social skills; for example, when presented with videotaped displays of an unfamiliar monkey displaying aggressive behaviors, LS animals sit and stare-they show significantly less activity, tend to have higher durations of looking at the videotaped animal, and take nearly twice as long to gaze avert as do HS animals (Capitanio, 2002) . Sustained displays of submission during the first 2 weeks, then, probably reflects a more passive style of coping in response to the aggression and tension seen in the early Unstable group formations.
It's clear from Fig. 4 , however, that aggression continued in the Unstable groups over the first 6 weeks of the study, and this aggression was displayed primarily by animals possessing an s/l genotype for the serotonin transporter promoter. When combined with experience of adverse circumstances, such as nursery-rearing, possession of a short allele has been linked to sustained aggression (including aggression with little provocation) and anxiety (Barr et al., 2003) , and with lower cerebrospinal fluid levels of 5-HIAA, a metabolite of serotonin (Bennett et al., 2002) in rhesus monkeys. Insofar as Unstable social conditions can be considered an ''adverse'' circumstance, our behavioral data are consistent with those of Barr et al. (2003) . It appears then, that the sustained aggression in the Unstable groups may have been displayed by animals that tend to react impulsively to relatively innocuous events-an animal walking too close, or an animal that is sitting in a preferred location in the cage. Such an impulsive response style was associated with reduced CXCR3 expression on PBMCs. And of course, the targets of this aggression themselves paid a cost-decreased SIV-specific IgG by Week 8 p.i. Both of these immune outcomes were associated with elevated vRNA.
Physiological mechanisms associated with adverse immune outcomes
How might these patterns of coping-sustained submission and sustained aggression-be associated with a poorer disease outcome? As our model (Fig. 1) indicates, we focused on a measure from one physiological stressresponse system early in disease, basal concentrations of plasma cortisol. Previously , we found that Unstable social conditions resulted in lower basal cortisol concentrations, which was associated with enhanced negative feedback characteristic of chronic stress (e.g., Yehuda et al., 1995) . In the current study, LS monkeys were more likely than HS monkeys to respond to Unstable conditions by down-regulation of their HPA axis and up-regulation of ISG transcription. What we do not know at this point is whether these relationships are causal or merely associations arising due to the influence of other unmeasured variables. Further, it's unclear whether the possible mediating effects of glucocorticoids are operating at the level of IFN-a (e.g., evidence suggests that glucocorticoids can regulate IFN-a production: e.g., Norbiato et al., 1996) , or are directly affecting transcription at the level of IFN-a's effector molecules Mx, OAS, and CXCL10.
While we were able to link submissive behavior, ISG expression, Sociability and cortisol among animals in Unstable (but not Stable) social conditions, we did not find cortisol concentrations to be related to our other two principal immune measures, CXCR3 expression and SIV-specific IgG. Of course, other mechanisms exist by which the central nervous system, the source of coping strategies, can interact with the immune system. Elsewhere, we have shown (Sloan et al., 2006) that SIV replicates preferentially in the vicinity of catecholaminergic varicosities in lymph nodes. It's likely that continued activation of the sympathetic-adrenal-medullary system, associated with initiating impulsive aggression or being a frequent target of such aggression, could have an impact on immune responses in lymphoid tissue.
An additional mechanism is suggested by our finding that serotonin transporter genotype is an important contributor to behavioral and immune processes associated with a disease outcome, a result that we believe is completely novel. Serotonin is produced outside of the central nervous system, primarily in the gut, and is taken up by various cell types, including immune cells, which also contain serotonin receptors and transporters (Mossner and Lesch, 1998) . Furthermore, there is increasing evidence for interaction between serotonin and cytokines in PBMCs (e.g., Tsao et al., 2006) . Together, these data present the intriguing possibility that pharmacologic manipulation of serotonin function may not only have an indirect effect on disease by reducing anxiety or facilitating more adaptive coping with stressors, but may also have a direct effect through modulation of immune function. Such a mechanism remain to be explored.
Limitations of the present study
We acknowledge several limitations of our study. First, we reiterate that our emphasis has been on the first 10 weeks after infection, and that our outcome measure, vRNA, while a strong predictor of survival, is not the sole predictor, inasmuch as it accounted for about half the variation in survival. While our data suggest that early psychosocial events are important in establishing a disease course, events occurring beyond the establishment of viral setpoint are also likely to explain part of the remaining variation in survival. For example, the early death of an unusually aggressive animal (perhaps with an s/l genotype) may make the Unstable social conditions somewhat less stressful, permitting the expression of more affiliation. This example underscores the important role of context in social behavior: as contexts change, the influences of particular host factors may also change. This was demonstrated in the present report by the result that Sociability was more influential in the first 2 weeks p.i., and serotonin genotype was more influential at later time points. A future report will examine the effects of psychosocial factors on disease course beyond the 10 weeks p.i. time point. A second limitation is related to the idea of social context. We specifically created our groups to be homogeneous in terms of Sociability-only LS animals or only HS animals ever interacted-and it's unknown whether the negative effects of Low Sociability would be seen in groups that had a more mixed personality composition. Finally, although our results regarding the influence of 5-HTTLPR are intriguing, we consider them provisional at this time. Animals were not assigned to social condition based on genotype, and although there were no statistically significant relationships between genotype and either Sociability status or social condition, the cells in our experimental design did not contain equal numbers of l/l homozygotes and s/l heterozygotes (see Fig. 4 ). We believe our results do suggest, however, that neural genotype, a host factor that is important for psychosocial functioning, can have biobehavioral consequences that may impact a disease process.
Conclusion
We have identified innate and specific immune mechanisms through which personality and genotype interact with social context to affect viral set-point in SIV-infected monkeys. Our data extend to the psychosocial realm the idea that events occurring early in immunodeficiency virus infection are critically important to the progress of the disease. Specifically, our data demonstrate that the social environment can interact with individual neurogenetic and personality characteristics to create complex ''joint risk factors'' that modulate gene expression dynamics that shape the trajectory of chronic disease. Understanding the mechanisms that underlie this ''interactionist'' perspective on disease (Eysenck, 1991) may have implications for treatment. In addition to helping individuals improve their ''fit'' with their environments, which would presumably reduce stress, our data suggest that intervening to affect the specific mechanisms associated with other, relevant aspects of organismal functioning could also be beneficial. In the present study, for example, we found that when individuals are stressed, personality characteristics are associated with HPA activity that is related to innate immune function. Cole et al. (1998 Cole et al. ( , 2001 Cole et al. ( , 2003 have also demonstrated that individuals with high autonomic activity show elevated viral set-point and impaired response to HAART (Cole et al., 1998 (Cole et al., , 2001 (Cole et al., , 2003 . Perhaps pharmacologic modulation of HPA, autonomic, or serotonergic activity could supplement anti-retroviral therapy and prolong survival, particularly among those individuals living under conditions of threat or uncertainty, or those with particular neural genotypes.
